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Role of laminin carbohydrates on cellular interactions. Laminins, a
family of large multidomain glycoproteins of the basal lamina, have
been implicated in the development and maintenance of cellular and
tissue organization. Considerable interest has arisen concerning the
ways in which laminin carries out its biological functions. Previously
these biologic responses have been primarily attributed to the peptide
sequences of laminin, however, newer studies suggest that laminin
carbohydrates may also participate in such cellular activities. Recently,
a subpopulation of laminin molecules purified from EHS sarcoma by
lectin affinity chromatography has been shown to contain about 25 to
30% carbohydrate. Most of the carbohydrates present are complex-type
asparagine-linked oligosaccharides encompassing many different struc-
tures, some of which are unique to laminin. To date, the biological
function of the carbohydrates of laminin remains somewhat unclear.
They do not appear to be needed for heparin binding or to enhance
proteinase stability, however, current evidence suggests they are im-
portant in cellular spreading and neurite outgrowth. It is our hypothesis
that the covalently-linked carbohydrate moieties of laminin will ulti-
mately prove to be involved in information transfer to responsive cells.
It is the purpose of this review to delineate current concepts of the
structure and function of this unique glycoprotein's sugar chains.
The basement membrane is a specialized extracellular com-
plex of macromolecules which forms a barrier to segregate
epithelial and endothelial cells from the stromal tissues. This
sheet-like structure appears early in development and has been
thought to play roles in the promotion of cell differentiation and
growth, selective permeability, and cell attachment [1]. This
structure has also been shown to be of importance in the
alterations which occur during carcinomatous cell invasion and
metastasis [2]. The extracellular macromolecules of basement
membranes include type IV collagen, noncollagenous glycopro-
teins, and proteoglycans [3].
The major noncollagenous glycoprotein of the extracellular
matrix is laminin, which is localized in the lamina lucida of
basement membranes [4]. Laminin was first isolated by Timpi et
al in 1979 from neutral salt extracts of the mouse Engelbreth-
Holm-Swarm (EHS) tumor [5]. Since that time, laminin has
been found to promote cell adhesion, growth, migration, differ-
entiation, and neurite outgrowth [1]. Previously these biologic
responses have been primarily attributed to the peptide se-
quences of laminin, however, recent studies suggest that lami-
nm carbohydrates may also participate in such cellular activi-
ties [6—8].
Laminin carbohydrates are recognized by several different
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kinds of integrin and non-integrin cell surface components [9].
Among the non-integrin components are: (1) a 67 kDa protein
which has both a peptide recognition site and a lectin-like
galactoside binding site [10], (2) two S-type lectins, the Mac-2
surface antigen of macrophages [11] and one obtained from
cardiac tissue [12], and (3) a cell surface galactosyl transferase
which has also been demonstrated to play an important role in
the mediation of biological responses to laminin [13].
Considerable interest has arisen concerning the ways in
which laminin carries out its biological functions. As a prereq-
uisite, a clear understanding of the biological function of
laminin requires a knowledge of its structure. Although the
function of laminin carbohydrates has not yet been definitively
determined, it will be the purpose of this review to delineate
current concepts of the structure and function of this unique
glycoprotein's sugar chains.
Molecular structure and organization of laminin
Laminin, a large basement membrane glycoprotein (Mr =
900,000), is made up of three distinct polypeptide chains (B 1,
B2, and A) linked by disulfide bonds [1, 14]. The three chains of
laminin are arranged in a unique cruciform shape (Fig. 1) as
viewed by electron microscopy, with three arms of similar
length (about 37 nm) and one longer arm (about 77 nm) [15]. The
A chain has one large terminal globule on its long arm and
another at its carboxy-terminus. Two smaller globules evenly
spaced along its shorter arm, are also present. The B chains
each have a small globular region at their amino-termini with
another globular region closer to the center of molecule. Intra-
chain disulfide bonds also contribute to the structure of this
molecule and numerous biologically-active domains have been
identified [16, 5]. The cruciform shape of laminin is remarkably
conserved through evolution from sea urchin [17] and Dros-
ophila [18, 19] to humans [20, 21]. Isoforms of laminin have
been found that differ only in the ratio or size of the three
component chains compared to the prototypical A-B1-B2 mol-
ecule of EHS tumor-derived laminin [22, 23].
The complete amino acid sequence of the B 1 (Mr = 220,000)
[24], B2 (M = 200,000) [16] and A (Mr = 400,000) [25] chains of
mouse and human [20, 21, 26] laminin have been deduced by
molecular cloning. The three globular regions of the short arm
of the A chain are separated by intervening cysteine-rich,
epidermal growth factor-like (EGF) rods. Similarly, the B chain
globular domains are also separated by EGF-like repeats. The
long arm a-helix of the A chain forms a super helical coiled-coil
region with corresponding a-helices of the 81 and B2 chains,
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Fig. 1. Diagram of laminin structure and
binding domains adapted from reference 1.
NXS/T sites signify the number of consensus
sequences for asparagine glycosylation.
ending in a carboxy-terminal globule composed of five homol-
ogous repeats [27]. The B chains are structurally similar to each
other but lack the carboxy-terminal globule of the A chain.
However, the amino terminus of the A chain is homologous to
the corresponding regions of the B chains [281. The B chains
from mouse and human laminin are 90% homologous while the
A chains exhibit 74% homology [26]. Thus, laminin structure is
highly conserved, reflecting its cross-species prominence in
basal laminae.
Glycosylation of laminin
Two studies show that laminin contains 12 to 15% carbohy-
drate [29, 30] although the most recent data suggest that the
actual percentage might reach twice that amount. Recently, a
subpopulation of laminin molecules purified from EHS sarcoma
by lectin affinity chromatography (Gr(ffonia simplicfolia agglu-
tinin I) has been shown to contain about 25 to 30% carbohydrate
[31]. Sixty-eight consensus sequences for potential asparagine
glycosylation have been identified in mouse laminin, with the
majority of sites concentrated in the long arm [51. The A chain
has 43 potential N-glycosylation sites [25], the Bi chain has 11
potential sites [24] and the B2 chain has 14 potential sites [16]
(Fig. 1). Mouse EHS tumor larninin has about 40 different
glycosyl substituents on these 68 potential sites [30]. Most of
the carbohydrates present are complex-type asparagine-linked
oligosaccharides encompassing many different structures [29—
31], some of which are unique to laminin.
The structural studies of laminin carbohydrates carried out to
date suggest that laminin contains exclusively N-linked oh-
gosaccharides [29—31]. Unlike some glycoproteins, the pres-
ence of carbohydrates on laminin does not seem to confer
protection from proteolytic degradation nor are they necessary
for binding to heparin [32]. The biosynthetic assembly of
laminin chains into a molecule also seems to be independent of
N-glycosylation [33].
All the N-linked sugar chains share a common Man3GlcNAc2
core. Methylation analysis has revealed that the oligosaccha-
rides of laminin contains bi- and triantennary chains and repeat-
ing sequences of 3Gal/31,4GlcNAc/31 units [31]. Prominent
features of the oligosaccharides are the presence of terminal
a-galactose moieties, terminal N-acetyl-neuraminic acid resi-
dues, and poly-N-acetyllactosamine-containing chains. The lat-
ter have both linear blood group i and branched blood group I
structures [31]. Figure 2 shows representative structures of the
N-linked oligosaccharides of laminin, adapted from references
[29—31]. Similar to other glycoproteins, laminin glycosyl sub-
stituents may vary with the species and tissue source of the
molecule, the stage of tissue or organ development, and onco-
genesis, among other factors [34].
Within the same set of oligosaccharides in any given group,
extensive microheterogeneity appears to be present [29]. For
example, the poly-N-acetyllactosamine-containing chains con-
tain a-galactosyl, f3-galactosyl and sialyl end groups in addition
to the polylactosaminyl chain. The relative distribution of the
lactosamine repeating units on the branched N-linked ohigosac-
charides is not yet known. Furthermore, it is not clear whether
siahic acid and a-galactosyl residues occur at the non-reducing
ends of the branches of the same oligosaccharide molecule [29,
35].
Interactions of laminin's sugar chains
N-linked oligosaccharides are often found as signals which
incite lectin-mediated responses by animal cells [36—38]. The
prototypical example has been hepatic cell receptors which
recognize terminal galactose residues of oligosaccharides of
circulating glycoproteins [39]. The recognition signal designates
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Termini Core structures removal of the glycoprotein from the circulation, followed by its
intracellular degradation [40]. In this instance, and in other
Gala Ga113-GICNACMan \ examples [41], it is the carbohydrate moiety which is critical for
L
R biological activity, rather than the polypeptide backbone of the
molecule.
Gall-GIcNAc-Mafl Correct and complete glycosylation has been shown to be
essential for complete biological activity in some target cells;
Gala-GaI-GIcNAc-Man receptor binding to the a subunit of unglycosylated gonado-\ tropic hormones is intact, but subsequent intracellular signal-
A ling via a second messenger pathway is defective whenspecific
N-linked glycosyl groups are cleaved from the polypeptide
NeuAc-Gal-GIcNAc-Man structure of the hormone [42, 43]. This phenomenon may
provide a clue to the ways in which cells progressively respond
GaII-(GIcNAc-Gal)-GIcNAc-Man to a laminin surface, initially adhering, then spreading. Con-
Gala A ceivably, the information encoded by both the protein andNeuAc carbohydrate domains of laminin may be important for the
Gala-Gal-GIcNAc-Man sequence of cellular responses.
Several receptors that may mediate the biological effects of
[
Gal-GlcNAc laminin carbohydrate moieties have recently been found. A
newly discovered 67 kDa lamininreceptorhas been shown to be
Gaq3-(GlcNAc-Gal)-GlcNAC-Mafl structurally and functionally similar to the 67 kDa elastin
receptor [101. This receptor interacts with a hydrophobic Se-Gala R quence in the B 1 chain of laminin, similar to the cell recognition
NeuAc-Gal-GIcNAc-Man / domain of elastin. Of special interest is the finding that this
receptor contains a galactoside binding domain which shows
immunological similarity to a rat lung lectin; apparently the
[
Gal-GlcNAc lectin-like domain has a regulatory function in the 67 kDa
receptor [441. The receptor can be eluted from an elastin or
Gal-(GlcNAc-Gal)-GlcNAc-Man laminin column by 1 m lactose and is thought to function in
Gala vivo in the macromolecular assembly of elastic fibers [44].
NeuAc Another example of a lectin's potential interaction with
Gal-(GlcNAc-Gal)m-GlCNAC-Mafl / basement membrane components is the recent isolation of a
lectin which is specific for poly-N-acetyllactosamine chains
from calf heart [45]. When this lectin was used in an affinity
Fuc column, laminin was bound with high affinity, leading to spec-
ulation about the possible role of this soluble animal lectin in
Ga1J3-GIcNAc-Man extracellular matrix interactions [12].A second category of molecules that have shown to interact
A with laminin's sugar chains, the cell surface glycosyltrans-
GalnGlcNAcMan
d' ferases, have been implicated in cell-cell adhesion and cell
I' migration on extracellular matrix substrates. These molecules
were first shown to be active in sperm/egg binding interactions
Man-Man [46]. It was reported in 1982 that the only glycosyltransferase
present in significant quantity on the surface of embryonal
A carcinoma cells was galactosyltransferase and that it acted as a
GalRGlcNAcMan/ surface receptor for poly(N)-acetyllactosamine glycoconjugatesF' [46, 47]. Subsequently, Runyan, Maxwell and Shur reported
that neural crest cells expressed these cell surface galactosyl-
Galp-(GlcNAc-Gal)-GlCNAC-Mafl transferase molecules during migration and that laminin, with
NeuAc its many carbohydrate residues was the preferred substrate inR vitro [48]. There is some evidence indicating that there are two
10 l NA M / separate populations of /3-1 ,4-galactosyltransferase moleculesGa C C an that are similar yet distinct, one for Golgi processing of glyco-
proteins and the other for cell surface attachment [49, 50].





Gal-(GlcNAc-Gal)m-GlCNAC-Mafl Fig. 2. Representative structures of the N-linked oligosaccharides oflaminin adapted from references 29—31. R = Man-GIcNAc-G1cNAc.
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phenomena involving cell surface galactosyltransferase was the
finding by Eckstein and Shur that laminin containing matrices
induced the stable expression of this enzyme on the surface of
migratory cells [51]. By using antibodies to the enzyme, they
found that the increased numbers of galactosyltransferase mol-
ecules were primarily localized to the active lamellipodia of the
cells, and could be co-localized with actin-containing microfil-
aments. Conversely, fibronectin was found to have no inductive
effect on the expression of cell surface galactosyltransferase
and cells tended to remain stationary on this substrate [51].
Also, cell surface galactosyltransferase participates in the initi-
ation of neurite outgrowth from PC12 cells on laminin sub-
strates [52]. These results highlight the potential role of the
oligosaccharide chains present on laminin and present intrigu-
ing possibilities for cell surface galactosyltransferase in regulat-
ing cell motility and outgrowth of processes.
As noted earlier, Woo et a! have also reported a major,
non-integrin binding protein in macrophages that can bind to
laminin with high affinity. This molecule has been determined to
be an S-type lectin which appears to be identical to the
carbohydrate binding protein Mac-2 [11]. Concurrently, Zhou
and Cummings have reported that an S-type lectin from calf
heart tissue selectively binds to the carbohydrate chains of
laminin [12]. This receptor primarily recognizes poly-N-acetyl-
lactosamine units.
Dennis, Wailer and Schirrmacher reported in 1984 that cell
attachment to laminin could be partially modulated by the
expression of specific cell surface-associated oligosaccharide
structures [53]. Recently, a cell surface receptor [54] responsi-
ble for concanavalin A induced inhibition of fibroblast spread-
ing on laminin [55] has been isolated. The finding that this
carbohydrate-containing receptor is operant in cell spreading on
laminin but not on fibronectin highlights the diversity and
specificity of these systems.
Chammas et al report that carbohydrates from both laminin
and the a6/pl integrin play a role in their interaction [56]. They
postulate alternative mechanisms of: (1) lectin-lectin interac-
tions; and (2) carbohydrate-carbohydrate interactions. They
also postulate that integrin glycosylation may modulate func-
tional specificities of similar or identical integrins.
The importance of carbohydrates in development has been
demonstrated by Bronner-Fraser who was able to disrupt avian
neural crest cell migration in vitro on a laminin substrate by
introducing an antibody (HNK-l) known to bind to a carbohy-
drate epitope on the cell surfaces [57]. A monoclonal antibody
known to react with fucosyl residues in large poly-N-acetyllac-
tosamine carbohydrates was found to inhibit cell substrate
adhesion of F9 embryonal carcinoma cells [58]. This antibody
also caused previously bound and spread cells to round up three
hours after its addition to cultures. The studies of Trinkaus-
Randall et al have shown that different lectins prevent cell
binding and spreading on rabbit corneal basal laniinae in vitro
[59]. They reported that some lectins prevented cell binding
while others allowed binding but inhibited cell spreading.
Deutzmann et al report that significant changes in cell adhe-
sion, spreading and neurite outgrowth are produced by impair-
ing the secondary and tertiary structure of the E8 fragment of
laminin [60]. Using limited protease digestion these authors
created a repertoire of degraded and denatured E8 fragment
substrates; they found certain native conformations to be
essential for full cell responsiveness. Yet circular dichroism
studies [7] have indicated that unglycosylated laminin has a
similar conformation to glycosylated laminin, but lacks full
biologic activity. Therefore it can be concluded that the glyco-
sylation state of the molecule is at least as important in
determining cell responsiveness.
Work from our laboratory
Work in our laboratory has also focused upon how the
carbohydrate moieties of laminin might influence its cellular
interactions. In 1988 we reported that two lectins, namely,
wheat germ agglutinin (WGA) and Grjffonia simplicifolia agglu-
tinin I (GSA I), when bound to laminin substrates were capable
of preventing the adhesion of a mouse melanoma cell line (B 16
Fl) and a rat pheochromocytoma cell line (PC12) [6]. We
postulated that the lectins became bound to N-linked carbohy-
drates adjacent to polypeptide recognition sequences and
blocked cellular access to them. When the lectin concanavalin
A was used, both cell types were able to bind, but no spreading
or neurite outgrowth was subsequently found. This result
suggested that the carbohydrates on laminin might play a role in
cell spreading and neurite outgrowth. Bouzon et al also indicate
the importance of laminin carbohydrates in the spreading of B 16
Fl cells [8]. Their results differ from our findings in that they
found reduced cell spreading on laminin substrates using wheat
germ agglutinin whereas we found WGA inhibited cell attach-
ment. However, there were methodological differences be-
tween the two studies and Bouzon et al did not mention testing
other lectins.
We next produced unglycosylated laminin by using tunicamy-
cm with a cell line that constitutively produces laminin. The
resultant unglycosylated laminin was isolated from cell lysates
by sequentially using an anti-laminin monoclonal antibody
affinity column and a GSA I lectin affinity column [7]. When
either the neuron-like PC 12 cells or the B 16 Fl melanoma cells
were seeded onto unglycosylated laminin substrates, as many
of them attached as did cells seeded onto glycosylated laminin.
However, they failed to extend neurites or become spread,
respectively [7]. We concluded that the carbohydrate moieties
of laminin did indeed have a biological role, that is, to specifi-
cally signal certain types of cells to spread or others to extend
neurite processes.
This conclusion has recently been reinforced by our ability to
restore the biological responses to the attached, arrested cells
either using: (1) appropriate mixtures of glycosylated and
unglycosylated laminin as substrata; (2) laminin containing
certain immature glycosyl groups; and (3) a Pronase digest of
glycosylated laminin [61]. We find that a higher concentration of
the Pronase digest, compared to intact laminin, is required to
restore cell spreading, similar to results in other systems when
the biological activity of released peptides or oligosaccharides
was examined [62, 63].
Conclusions
In contrast to proteins and nucleic acids, carbohydrates are
capable of encoding considerably more information per mono-
mer unit, due to a repertoire of positional and anomeric
linkages. This feature is both a strength and a weakness. Many
unique structures can be generated, and indeed, are found.
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implying lack of specificity. This point, coupled with the fact
that the structures must be generated by posttranslational CeO surface Lamiriin
pathways has often tempered interest in the biological roles of
glycoconjugates. However, a resurgence of interest has oc-
curred, in part due to elucidation of important functional roles
for animal lectins [35—38, 56]. It is our hypothesis that the
covalently-linked carbohydrate moieties of laminin are inti-
mately involved in information transfer to responsive cells.
Figure 3 schematically illustrates possible mechanisms by
which laminin carbohydrates could signal cells. Cell surface
lectins have been isolated by many investigators [11, 64, 651;
such lectins could potentially interact with the sugar chains of
laminin. Carbohydrate-carbohydrate interactions may also oc-
cur as noted elsewhere [56, 66]. Cell surface galactosyltrans-
ferase have already been shown to help mediate neural crest
cell migration [48] and thus represents still another possibility
which must be considered. Finally, soluble lectins may mediate
attachment between carbohydrates on cell surfaces and those
on laminin [12] or perhaps there are dual receptors that contain
both peptide-specific and lectin-like domains [10].
There is growing evidence that these "dual receptors" are
responsible for binding to laminin in several biological systems.
Recently an elastin receptor of this nature has been discovered
that shows structural and functional similarities to the 67 kDa
tumor cell laminin receptor and, in fact, may be the same
protein. A conspicuous characteristic of this receptor is that its
affinity for elastin or laminin is highly influenced by its carbo-
hydrate-binding lectin domain [10]. This receptor model could
also explain the mechanism by which both PC12 cells and B16
Fl melanoma cells bind equally to wells coated with either an
unglycosylated or glycosylated laminin substrate but fail to
exhibit neurite outgrowth or cell spreading unless laminin sugar
chains are present [71. In other words, these cells may have a
dual receptor that differentially triggers binding and spreading
depending on whether one or both recognition domains are
occupied.
Finally, it is noteworthy that clinical interest has recently
focused on the terminal a-galactosyl residues of glycoproteins
including laminin. Human antibodies to the epitope, Galctl-
3GalJ3-4GlcNac, are normally present in the serum as 1% of
circulating IgG [67]; the epitope itself is not ordinarily ex-
pressed on human cells and glycoproteins [68]. In at least two
human disease states, namely metastatic cancer and Chagas'
disease, it is thought that these antibodies may participate in
defense processes. Human cancer cells often express the
epitope. The antibody will inhibit adhesion of those cells to
laminin [69]. The parasitic trypanosome which causes Chagas'
disease carries the same epitope [70]. The markedly elevated
levels of circulating antibody in infected individuals may be
causative in the chronic phase of the disease, perhaps by means
of an autoimmune response [71].
Clearly, further understanding of how cells interact with
laminin will require additional study of its carbohydrate moi-
eties and related receptors. Despite the recent attention paid to
laminin sugar chains, both in the laboratory and clinic, there
remain many more questions than answers. Additional infor-
mation is required to allow assignment of function to the
numerous different oligosaccharide chains found on laminins
and to comprehend cell-to-laminin interactions which play a Fig. 3. Potential modes of recognition of laminin oligosaccharides by
key role in so many physiological processes. the cell surface.
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L-7041, 263 Farmington Avenue, Farmington, Connecticut 06030-3705
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Note added in proof
Subsequent to the submission of this manuscript, high-mannose
oligosacchandes and structurally similar compounds have been used in
reconstitution experiments to determine which of these oligosaccha-
rides could provide essential information to potentially metastatic
melanoma cells. The results indicated that of all the various branched
oligosaccharide structures tested, only mannose-based structures sim-
ilar to the type of high mannose oligosaccharides found on laminin were
capable of eliciting a cellular response. Furthermore, these mannose
containing oligosaccharides were alone sufficient to promote spreading
of laminin-adherent melanoma cells [721.
References
1. BECK K, HUNTER I, ENGEL J: Structure and function of laminin:
Anatomy of a multidomain glycoprotein. FASEB J 4:148—160, 1990
2. BARSKY SH, RAO CN, WILLIAMS JE, LIOTTA LA: Laminin molec-
ular domains which alter metastasis in a murine model. J Clin
invest 74:843—848, 1984
3. KEFALIDES NA: Current status of chemistry and structure of
basement membranes, in Biology and Chemistry of Basement
Membranes, edited by KEFALIDES NA, New York, Academic
Press, 1978, pp. 215—228
4. FOIDART JM, BERE EJ, YAAR M, RENNARD SI, GULLINO M,
MARTIN GR, KATZ SI: Distribution and immunoelectron micro-
scopic localization of laminin, a noncollagenous basement mem-
brane glycoprotein. Lab invest 42:336—342, 1980
5. TIMPL R, ROHDE H, ROBEY PG, RENNARD SI, FOIDART JM,
MARTIN GR: Laminin—a glycoprotein from basement membranes.
J Biol Chem 254:9933—9937, 1979
6. DEAN JW, CHANDRASEKARAN S, TANZER ML: Lectins inhibit cell
binding and spreading on a laminin substrate. Biochem Biophys Res
Commun 156:411—416, 1988
7. DEAN JW, CHANDRASEKARAN S, TANZER ML: A biological role of
the carbohydrate moieties of laminin. J Biol Chem 265:12553—
12562, 1990
8. BOUZON M, DUSSERT C, LISSITZKY J-C, MARTIN P-M: Spreading
of B 16 Fl cells on laminin and its proteolytic fragments P1 and E8:
Involvement of laminin carbohydrate chains. Exp Cell Res 190:47—
56, 1990
9. MERCURIO AM: Laminin: Multiple forms, multiple receptors. Curr
Opin Cell Biol 2:845—849, 1990
10. MaCHAM RP, HINEK A, GRIFFIN GL, SENIOR RM, LIOTTA LA:
The elastin receptor shows structural and functional similarities to
the 67-kDa tumor cell laminin receptor. J Biol Chem 264:16652—
16657, 1989
11. Woo HJ, SHAW LM, MESSIER JM, MERCURIO AM: The major
non-integrin laminin binding protein of macrophages is identical to
carbohydrate binding protein 35 (Mac-2). J Biol Chem 265:7097—
7099, 1990
12. ZHOU Q, CUMMINGS D: The S-type lectin from calf heart tissue
binds selectively to the carbohydrate chains of laminin. Arch
Biochem Biophys 281:27—35, 1990
13. SHUR BD: Expression and function of cell surface galactosyltrans-
ferase. Biochim Biophys Acta 988:389—409, 1989
14. CHUNG AE, JAFFE R, FREEMAN IL, VERGNES JP, BRAGJNSKI JE,
CARLIN B: Properties of a basement membrane-related glycopro-
tein synthesized in culture by a mouse embryonal carcinoma-
derived cell line. Cell 16:277—287, 1979
15. ENGEL J, ODERMATT E, ANDREAS E: Shapes, domains, organiza-
tions and flexibility of laminin and fibronectin, two multifunctional
proteins of the extracellular matrix. J Mol Biol 150:97—120, 1981
16. SASAKI M, YAMADA Y: The laminin B2 chain has a multidomain
structure homologous to the B I chain. J Biol Chem 262:17111—
17117, 1987
17. MCCARTHY RA, BECK K, BURGER MM: Laminin is structurally
conserved in the sea urchin basal lamina. EMBO J 6:1587—1593,
1987
18. FESSLER LI, CAMPBELL AG, DUNCAN KG, FESSLER JH: Dros-
ophila laminin: Characterization and localization. J Cell Biol 105:
2383—2391, 1987
19. CHI HC, Hul CF: eDNA and amino acid sequences of Drosophila
laminin B2 chain. Nucleic Acids Res 16:7205—7206, 1988
20. PIKKARAINEN T, EDDY R, FUKUSHIMA Y, BYERS M, SHOWS T,
PIHLAJANIEMI T, SARASTE M, TRYGGVASON K: Human laminin Bi
chain. A multidomain protein with gene (LAMB I) locus in the q22
region of chromosome 7. J Biol Chem 262:10454—10462, 1987
21. PIKKARAINEN T, KALLUNKI T, TRYGGVASON K: Human laminin
B2 chain. Comparison of the complete amino acid sequence with
the Bi chain reveals variability in sequence homology between
different structural domains. J Biol Chem 263:6751—6758, 1988
22. KLEINMAN HK, EBIHARA I, KILLEN PD, SASAKI M, CANNON FB,
YAMADA Y, MARTIN GR: Genes for basement proteins are coor-
dinately expressed in differentiating F9 cells but not in normal adult
murine tissues. Dev Biol 122:373—378, 1987
23. EDGAR D, TIMPL R, THOENEN H: Structural requirement for the
stimulation of neurite outgrowth by two variants of laminin and
their inhibition by antibodies. J Cell Biol 106:1299—1306, 1988
24. SASAKI M, KATO 5, KOHNO K, MARTIN OR, YAMADA Y: Se-
quence of the cDNA encoding the laminin B I chain reveals a
multidomain protein containing cysteine-rich repeats. Proc Nat!
Acad Sci USA 84:935—939, 1987
25. SASAKI M, KLEINMAN HK, HUBER H, DEUTZMANN R, YAMADA
Y: Laminin, a multidomain protein. The A chain has a unique
globular domain and homology with the basement membrane
proteoglycan and the laminin B chains. J Biol Chem 263:16536—
16544, 1988
26. OLSEN D, NAGAYOSHI T, FAzI0 M, PELTONEN J, JAAKKOLA 5,
SANBORN D, SASAKI T, KUIVANIEMI H, CHU ML, DEUTZMANN R:
Human laminin: Cloning and sequence analysis of cDNAs encoding
A, B! and B2 chains, and expression of the corresponding genes in
human skin and cultured cells. Lab Invest 60:772—782, 1989
27. DEUTZMANN R, HUBER J, SCHMETZ KA, OBERBAUMER I, HARTL
L: Structural study of long arm fragments of laminin. Evidence for
repetitive C-terminal sequences in the A-chain, not present in the
B-chains. Eur J Biochem 177:35—45, 1988
28. HARTL L, OBERBAUMER I, DEUTZMANN R: The N terminus of
laminin A chain is homologous to the B chains. Eur J Biochem
173:629—635, 1988
29. ARUMUGHAM RG, HSIEH TC, TANZER ML, LAINE RA: Structures
of the asparagine-linked sugar chains of laminin. Biochim Biophys
Acta 883:112—126, 1986
30. FUJIWARA S, SHINKAI H, DEUTZMANN R, PAULS5ON M, TIMPL R:
Structure and distribution of N-linked oligosaccharide chains on
various domains of mouse tumour laminin. Biochem J 252:453—461,
1988
31. KNIBBS RN, PERINI F, GOLDSTEIN Ii: Structure of the major
concanavalin A reactive oligosaccharides of the extracellular ma-
trix component laminin. Biochemistry 28:6379—6392, 1989
32. HOWE CC: Functional role of laminin carbohydrate. Mol Cell Biol
4:1—7, 1984
33. Wu C, FRIEDMAN R, CHUNG AE: Analysis of assembly of laminin
and the laminin-entactin complex with laminin chain specific mon-
oclonal and polyclonal antibodies. Biochemistry 27:8780—8787, 1988
34. FEIZI T: Autoimmunity and Autoimmune Disease: Ciba Founda-
tion Symposium, (129). Chichester, Wiley, 1987, pp. 43—58
35. RAO CN, GOLDSTEIN IJ, LIOTTA LA: Lectin-binding domains of
laminin. Arch Biochem Biophys 227:118—124, 1983
36. DRICKHAMER K: Carbohydrate Recognition in Cellular Function:
Ciba Foundation Symposium (145). Chichester, Wiley, 1989, pp.
45—61
37. RADEMACHER TW, PAREKH RB, DWEK RA: Glycobiology. Annu
Rev Biochem 57:785—838, 1988
38. SHARON N, LIS H: Lectins as cell recognition molecules. Science
246:227—246, 1989
39. ASHWELL G, HARFORD J: Carbohydrate-specific receptors of the
liver. Ann Rev Biochem 51:531—554, 1982
40. BRIDGES K, HARFORD J, KLAUSNER R, ASHWELL G: Fate of
72 Tanzer et a!: Role of laminin carbohydrates
receptor and ligand during endocytosis of asialoglycoproteins by
isolated hepatocytes. Proc Nat! Acad Sci USA 79:350—354, 1982
41 DAHMS NM, LOBEL P, KORNFELD Sr Mannose 6-phosphate recep-
tors and lysosomal enzyme targeting. J Biol Chem 264:12115—
12118, 1989
42. MATZUK MM, KEENE JL, BOIME I: Site specificity of the chorionic
gonadotropin N-linked oligosaccharides in signal transduction. J
Biol Chem 264:2409—2414, 1989
43. SAIRAM MR, BHARGAVI GN: A role for glycosylation of the a
subunit in transduction of biological signal in glycoprotein hor-
mones. Science 229:65-67, 1985
44. HINEK A, WRENN DS, MECHAM RP, BARONDES SHr The elastin
receptor: A galactoside binding protein. Science 239:1539—1541,
1988
45. MERKLE RK, CUMMINGS RD: Asparagine-linked oligosaccharides
containing poly-N-acetyllactosamine chains are preferentially
bound by immobilized calf heart aggglutinin. J Biol Chem 263:
16143—16149, 1988
46. SHUR BD, BENNETT Dr A specific defect in galactosyltransferase
regulation on sperm bearing mutant alleles of the TIt locus. Dev Biol
71:243—259, 1979
47. SHUR BD: Cell surface glycosyltransferase activities during normal
and mutant (T/T) mesenchyme migration. Dev Biol 91:149—162,
1982
48. RUNYAN RB, MAXWELL GD, Si-iua BDr Evidence for a novel
enzymatic mechanism of neural crest cell migration on extracellular
glycoconjugate matrices. J Cell Biol 102:432—441, 1986
49. YOUAKIM A, SHUR BDr The relationship between Golgi and cell
surface beta-I ,4-galactosyltransferase, in Glycobiology: UCLA
Symposia on Molecular and Cell Biology New Series (111), New
York, Wiley-Liss, 1990, pp. 107—1 14
50. LOPEZ LC, MAILLET CM, OLEszKowIcz K, SHUR BD: Cell
surface and Golgi pools of beta-i ,4-galactosyltransferase are differ-
entially regulated during embryonal carcinoma cell differentiation.
Mo! Cell Biol 9:2370—2377, 1989
51. ECKSTEIN DJ, SHUR BDr Laminin induces the stable expression of
surface galactosyl transferase on lamellipodia of migrating cells. J
Cell Biol 108:2507—2517, 1989
52. BEGOVAC PC, SHUR BDr Cell surface galactosyltransferase medi-
ates the initiation of neurite outgrowth from PC12 cells on laminin.
J Cell Biol 110:461—470, 1990
53. DENNIS JW, WALLEIt CA, SCHIRRMACHER Vr Identification of
asparagine-linked oligosaccharides involved in tumor cell adhesion
to laminin and type IV collagen. J Cell Biol 99:1416—1423, 1984
54. MOUTSITA R, AUBERY M, CODOGNO Pr A Mr 72K cell surface
concanavalin A binding glycoprotein is specifically involved in the
spreading of chick embryo fibroblasts onto a laminin substrate. Exp
CellRes 192:236—242, 1991
55. CODOGNO P, DOYENNETTE-MOYNE MA, BOTTI J, AUBERY Mr
Concanavalin A-induced impairment of fibroblast spreading on
laminin but not on fibronectin. J Cell Physiol 136:463—470, 1988
56. CHAMMAS R, VEIGA SS, LINE S. POTOCNJAK P. BRENTANI RR:
Asn-linked oligosaccharide dependent interaction between laminin
and gp 120/140. J Biol Chem 266:3349—3355, 1991
57. BRONNER-FRASER Mr An antibody to a receptor for fibronectin and
laminin perturbs cranial neural crest development in vivo. Dev Biol
117:528—536, 1986
58. N0M0T0 S, MURAMATSU H, OZAWA M, SUGANUMA T, TASHIRO
M, TAKASHI Mr An anti-carbohydrate monoclonal antibody inhibits
cell-substratum adhesion of F9 embryonal carcinoma cells. Exp
Cell Res 164:49—62, 1986
59. TRINKAUS-RANDALL V, NEWTON AW, GIPSON 1K, FRANZBLAU Cr
Carbohydrate moieties of the basal laminar Their role in attachment
and spreading of basal corneal epithelial cells. Cell Tissue Res
251:315—323, 1988
60. DEUTZMANN R, AUMAILLEY M, WIEDEMANN H, PYSNY W, TIMPL
R, EDGAR Dr Cell adhesion, spreading and neurite stimulation by
laminin fragment E8 depends on maintenance of secondary and
tertiary structure in its rod and globular domain. Eur J Biochem
191:513—522, 1990
61. CHANDRASEKARAN 5, DEAN JW III, GINIGER MS, TANZER ML:
Laminin carbohydrates are implicated in cell signaling. J Cell
Biochem 46:115—124, 1991
62. SARKAR M, LIAO J, KABAT EA, TANABE T, ASHWELL G: The
binding site of rabbit hepatic lectin. J Biol Chem 254:3170—3174,
1979
63. PIERSCHBACHER M, HAYMAN EG, RUOSLAHTI Er Synthetic pep-
tide with cell attachment activity of fibronectin. Proc NatI Acad Sci
USA 80:1224—1227, 1983
64. LASKY LA, SINGER MS, YEDNOCK TA, DOWBENKO D, FENNIE C,
RODRIGUEZ H, NGUYEN T, STACHEL S, ROSEN SD: Cloning of a
lymphocyte homing receptor reveals a lectin domain. Cell 56:1045—
1055, 1989
65. PHILLIPS ML, NUDELMAN E, GAETA FC, PEREZ M, SINGHAL AK,
HAKOMORI S, PAULSON JC: ELAM-l mediates cell adhesion by
recognition of a carbohydrate ligand, Siaiyl-Le", Science 250:1130—
1132, 1990
66. HAKOMORI Sr Bifunctional role of glycosphingolipids: Modulators
for transmembrane signaling and mediators for cellular interac-
tions. JBiol Chem 265:18713—18716, 1990
67. GALILI U, RACHMILEWITZ EA, PELEG A, FLECHNER I: A unique
natural human IgG antibody with anti-a-galactosyl specificity. J
Exp Med 160: 1519-1531, 1984
68. THALL A, GALILI U: Distribution of Galal-3Gal/31-4GlcNAc resi-
dues on secreted mammalian glycoproteins (thyroglobulin, fibrino-
gen, and immunoglobulin G) asmeasured by a sensitive solid-phase
radioimmunoassay. Biochem 29:3959—3965, 1990
69. CASTRONOVO V, TARABOLETTI G, LiorrA LA, SOBEL ME: Mod-
ulation of laminin receptor expression by estrogen and progestins in
human breast cancer cell lines. JNaII Cancer Inst 81:781—788, 1989
70. AVILA JL, ROJAS M, GALILI U: Immunogenic Galal-3Gal carbo-
hydrate epitopes are present on pathogenic American Trypano-
soma and Leishmania. J Immunol 142:2828—2834, 1989
71. GALILI U: Abnormal expression of alpha-galactosyl epitopes in
man. A trigger for autoimmune processes? Lancet 2:358—361, 1989
72. CHANDRASEKARAN S, TANZER ML, GINIGER MSr Murine mela-
noma cell spreading is initiated by high mannose oligosaccharides.
(submitted for publication)
